Introduction 55
Candida species are commensals of the human gastrointestinal microbiota and 56 various other niches in the human body [1] . Despite their commensal existence in many 57 humans, Candida species also account for the most fungal infections in the world and 58 are the fourth most prevalent cause of all nosocomial blood stream infections [2, 3] . The 59 severity of fungal infection is often dependent on the immune status of the host, with 60 superficial infections occurring in healthy individuals and bloodstream infections in 61 immunocompromised hosts [4] [5] [6] [7] [8] . The majority of these infections are associated withsusceptibility to microbial colonization [26] , including infection with many Candida
In addition to utilizing innate immune system mutants, most studies measure host 96 mortality in temperature sensitive sterile mutants [17, 21, 29, 30 ] to more easily track 97 mortality in founder populations since C. elegans has a rapid lifecycle and large brood 98 sizes [31, 32] . The effects on host reproduction are often overlooked in favor of 99 examination of mortality rates when assessing a pathogen's virulence [33] . Yet, it is 100 important to remember that virulence can be broadly measured as any reduction in host 101 fitness resulting from interactions between a pathogen and its host [34] [35] [36] . In this work, 102
we assessed virulence of Candida species in C. elegans hosts using a novel measure 103 of host fitness that incorporated both host survival and fecundity. We found that fungal 104 pathogens reduced host fitness by delaying reproduction, resulting in long-term 105 consequences for population growth in both healthy and immunocompromised host 106 backgrounds. Using this novel measure, we characterized virulence phenotypes for 107 three non-albicans Candida species;; C. dubliniensis, C. tropicalis, and C. parapsilosis in 108 both healthy and immunocompromised C. elegans hosts. Our studies demonstrate that 109 differences in virulence can be identified between pathogen species and that 110 pathogenic potential is often revealed when host immune function is diminished. 111 112
Methods 113

Strains and media 114
For this study, the fungal pathogens C. albicans (SC5314 [37]), C. dubliniensis 115 (Wu284 [38]), C. tropicalis (ATCC 22109), and C. parapsilosis (ATCC 22109) strains 116 were used. C. elegans N2 Bristol (WT) and a sek-1 mutant derivative [24] were used to 117 test host survival, fecundity and population growth. C. elegans populations were 118 maintained at 20°C on 100mm petri dishes with 25 mL of lite nematode growth medium 119 (NGM, US Biological) with E. coli OP50 as a food source. Nematodes were transferred 120 to a newly seeded E. coli plate every 3-4 days. For survival, fecundity and population 121 growth assays, NGM was supplemented with 0.08g/L uridine, 0.08g/L histidine, and 122 0.04g/L adenine to facilitate growth of auxotrophic C. albicans strains and 0.2g/L 123 streptomycin sulfate to inhibit E. coli overgrowth so fungal strains could proliferate. 124 of LB, respectively, and cultured at 30°C for 1-2 days. Candida culture densities were 128 measured with a spectrophotometer and diluted to a final volume of 3.0 OD600 per mL 129 (~6 x 10 7 cells per ml). E. coli cultures were pelleted and washed twice with 1 mL of 130 ddH2O. The supernatant was removed and the pellet was centrifuged for 60 sec at 131 maximum to remove any excess liquid. The pellet was weighed and suspended with 132 sterilized water to a final volume of 200 mg/mL. A mix of 6.25 µL E. coli, 1.25 µL 133
Candida was brought to a final volume of 50 µL with ddH2O. The entire 50 µL was 134 spotted onto the center of a 35mm supplemented-NGM Lite agar plate and incubated at 135 room temperature overnight before addition of eggs or transferring nematode. E. coli 136 OP50 was used as a control at the same concentration described above.
138
Egg preparation and synchronization for survival, fecundity and population growth 139 assays
140
For survival, fecundity and population growth assays, approximately 100 141 nematodes at the L3/L4 stage were transferred to a 100mm NGM plate seeded with E. 142 coli OP50 and maintained at 20°C for 2-3 days prior to the start of an experiment. On 143 the first day of an experiment, these NGM plates were washed with M9 buffer and 144 contents (live nematodes and eggs) transferred to 15 mL conical tube and pelleted by 145 centrifugation (2 min at 1200 rpm). The pellet was re-suspended in a 1:4 bleach (5.25%) 146 solution and transferred to a micro-centrifuge tube. The suspension was mixed via 147 inversion for 90-120 sec and subsequently centrifuged (30 sec at 1500 rpm). The pellet 148 was washed with 1 mL M9 buffer three consecutive times to remove excess bleach 149 solution and brought to a final suspension with 500 µL M9 buffer. To determine the 150 concentration of eggs, 10 µL was placed on a concaved slide and eggs counted and the 151 egg suspension was diluted with M9 to a final concentration of 10 eggs/µL. All assays 152
were treated equally on the first day (Day 0) by adding roughly 100 eggs to a treatment 153 or E. coli plate (described above). 154 after adding ~50-75 nematode eggs to a plate, 40 adult nematodes were randomly 158 selected and transferred to newly seeded plates with the same concentration of food as 159 described above and incubated at 20°C. Every other day nematodes were transferred to 160 freshly seeded plates until all nematode populations went extinct. The number of living, 161 dead, and censored worms were scored daily. Each survival assay was replicated at 162 least three independent times. 163 164
Fecundity and lineage expansion assays 165
For both fecundity and lineage expansion assays, 48h (Day 2) after adding 166 nematode eggs to a plate, a single L3/L4 reproductively immature hermaphroditic 167 nematode was randomly selected and transferred (6-10 independent biological 168 replicates per treatment per block) to a newly seeded 35mm petri plate containing either 169 a treatment of C. albicans and E. coli or E. coli alone (described above) containing one-170 fifth the volume of food and incubated at 20°C. C. elegans were transferred to freshly 171 seeded plates in 24 hour time intervals from day two until the end of the experiment. 172
Eggs remained undisturbed on the plate and were incubated at 20°C for an additional 173 24 h to provide enough time to hatch, at which the number of viable progeny per day 174 was scored. Nematodes that died during the assay were scored dead at the time of 175 transfer. Nematodes that crawled off the plate or were otherwise unaccountable for 176 were considered censored and excluded from the analysis.
178
Lineage Expansion Assay 179 48 hours after adding nematode eggs to a plate (Day 2), a single L3/L4 180 reproductively immature hermaphroditic nematode was randomly selected and 181 transferred (6 biological replicates per treatment) to a freshly seeded 100mm treatment 182 or E. coli plate (described above) containing a 6-fold increase in food. On Day 7, each 183 plate was washed with M9 buffer until the majority of nematodes were displaced and 184 subsequently transferred to 15mL conical tubes. Tubes were placed at 4°C for 1h to 185 To investigate whether the reproductive delay observed in nematodes exposed 226 to C. albicans had any long-term consequences, we measured the total progeny 227 produced from a single founder worm over multiple generations through lineage 228 expansion assays. From these experiments, we find that a single nematode can 229 produce ~28,500 F1 and F2 progeny within seven days ( Figure  2D ). Lineage expansion 230 is significantly impacted in nematodes exposed to live C. albicans, with an average 231 population size of ~18,000 F1 and F2 progeny, a reduction of ~35% compared to 232 uninfected and heat-killed control treatments ( Figure  2D , p < 0.0001 one-way ANOVA). 233
We conclude that delays in reproduction resulting from exposure to C. albicans severely 234 impacts C. elegans evolutionary fitness, as we detect a dramatic reduction in population 235 size in a timeframe that is unlikely to be severely impacted by mortality (Figure  1 . We detected substantial mortality in sek-1 immunocompromised hosts 247 during the course of our seven-day fecundity assays, which we did not observe with 248 healthy wild-type hosts (data not shown). Furthermore, exposure to C. albicans resulted 249 in the largest amount of early mortality in immunocompromised hosts compared to heatkilled C. albicans treatments and unexposed controls ( Figure  3A) . In addition to 251 increased early mortality, C. albicans exposure reduced average brood size by nearly 252 50% (84±6) in immunocompromised hosts compared to uninfected (157±5) and heat-253 killed (127±13) controls ( Figure  3B , p < 0.0001, one-way ANOVA). It is important to note 254 that in all treatments (unexposed, heat-killed, and live C. albicans), 255 immunocompromised hosts produced significantly less progeny than healthy hosts 256 (Table  S1 ), but even more so when exposed to live C. albicans. 257 258
One explanation for the overall reduction in average brood size is the increased 259 early mortality we observe in immunocompromised hosts. To address this possibility, 260 this did slightly increase average brood size across all treatments, it was not significant 262 between analyses (p=0.2356 two-tailed t-test) and exposure to C. albicans still 263 significantly reduced average brood size (94±6) relative to uninfected (163±5) and heat-264 killed controls (141±9) ( Figure  S1 , p < 0.0001 one-way ANOVA). For hosts that survived 265 past three days, we also detected a significant delay in reproductive timing upon 266 exposure to C. albicans, with nearly 45% of all reproduction occurring in this late 267 window ( Figure  3C) , similar to what we observe in healthy hosts (Table  S1 ).
268
We predicted that lineage expansion in immunocompromised hosts exposed to 269
C. albicans would be more dramatically impacted relative to wild-type nematodes 270
exposed to C. albicans, given the reproductive delays but also early mortality, and 271 overall reduced brood sizes observed. Indeed, we determined that the average 272 population size was reduced by ~45% in immunocompromised hosts exposed to C. 273 albicans compared to uninfected or heat-killed controls ( Figure  3D ). Furthermore, this 274 reduction in population size is significantly greater in immunocompromised hosts 275 compared to healthy hosts ( Figure  S2 , p = 0.035 two-tailed t-test). Interestingly, we also 276 detected a significant reduction in population size in immunocompromised hosts 277 exposed to heat-killed C. albicans relative to uninfected immunocompromised hosts. 278
This reduction in population size in heat-killed treatments may result from the increased 279 early mortality in immunocompromised nematodes. Taken together, our results indicate 280 that immunocompromised hosts are more susceptible to fungal infection than healthy 281 wild-type hosts.
283
Host immune status reveals pathogenic potential in other Candida species 284
While C. albicans is the predominant fungal agent in invasive candidiasis, non- and immunocompromised hosts, we can begin to assess their pathogenic potential, and 290 thus extend the utility of C. elegans as a model host system for detecting virulence indetected modest levels of early mortality, and we detected no early mortality in healthy 293
hosts infected with C. parapsolsis. However, there was increased early mortality in 294 immunocompromised hosts exposed to all three Candida species, with the highest 295 mortality observed for C. parapsilosis ( Figure  4A ). In regards to early mortality, we 296 determined that C. parapsilosis has high virulence in immunocompromised hosts, but 297 none in healthy hosts. 298 299
We also detected different pathogen virulence levels depending on host immune 300 function for average brood size ( Figure  4B ) and reproductive delays ( Figure  4C ). In 301 healthy hosts, C. dubliniensis had no significant impact on average brood size (276±17) 302 or reproductive timing (21% late) compared to uninfected controls (286±5 brood size 303 and 21% late). However, C. dubliniensis was much more virulent in 304 immunocompromised hosts, where we observed a 40% reduction in total brood size 305 (94±17, Figure  4B ) and increased reproductive delays compared to uninfected hosts 306 ( Figure  4C) . A similar pattern is observed for C. parapsilosis, in which healthy hosts 307
were not significantly impacted in regards to reproductive timing (17% late, Figure  4B ) 308 and only modest reductions in average brood size (224±9) were observed compared to Table S1 for experimental sample sizes (n). * p < 0.05, ** p < 0.01, *** p <0.001, **** p < 0.0001; one-way ANOVA with Tukey's multiple comparison test. immunocompromised hosts, no significant difference is detected. In 324 immunocompromised hosts, C. parapsilosis displayed significantly more virulence in 325 regards to both average brood size and reproductive timing compared to C. tropicalis 326 and C. dubliniensis. Given the virulence phenotypes of these yeasts, our results 327 suggest that fungal pathogenicity depends not only on the species of pathogen but also 328 on the immune status of the host. 329 330
C . d u b l i n i e n s i s C . t r o p i c a l i s C . p a r a p s i l o s i s
Discussion 331
Here we utilized a C. elegans experimental host system to identify novel 332 measures of host fitness associated with fungal infection. By tracking the number of 333 progeny produced per day, we can quickly and quantitatively assess three aspects of 334 host fitness: early mortality, total viable offspring produced and reproductive timing. We 335
show that exposure to Candia albicans in healthy C. elegans hosts not only reduces 336 survival (Figure  1) , it modestly reduces total progeny produced, and dramatically delays 337 reproductive timing (Figure  2 ). This reproductive delay has long-term consequences for 338 lineage expansion, as single founder nematodes exposed to C. albicans reduces its 339 population growth by ~30% ( Figure  2D ). We found similar delays in reproductive timingin immunocompromised hosts exposed to C. albicans, although immunocompromisedsmaller brood sizes compared to healthy hosts (Figure  3) . Importantly, the delayed 343 reproduction phenotype in infected C. elegans is easily ascertained, highly quantitative 344 and reproducible and can be used as a screening method to detect relatively small 345 differences in virulence across Candida strains or other fungal species. Furthermore, by 346 utilizing different host contexts, this assay revealed the pathogenic potential of other 347
important, yet understudied, Candida species (Figure  4) , including C. parapsilosis, 348 which has dramatically higher levels of virulence in immunocompromised hosts 349 compared to healthy hosts. The host reproductive delay we observed in C. elegans upon fungal infection is a 366 robust, highly quantitative measure of virulence that makes it amenable to screen a 367 variety of host and pathogen genetic backgrounds that has been challenging in 368 mammalian and insect models. C. elegans is easily maintained in the lab, has a short 369 lifecycle that generates a large number of progeny, and has been a fundamental model 370 genetic organism [32] . Previous work has shown that upon exposure to C. albicans, C.
work, we utilized a mutant C. elegans strain in which SEK-1, an important MAPK in 373 innate immunity and whose homologs include the MKK3/6 and MKK4 family of 374 mammalian MAPKKs, to determine the severity of fungal infection in 375
immunocompromised hosts. We demonstrate that deficiencies in innate immune 376 function result in hosts with high susceptibility to fungal infection and in the future can 377 extend this analysis for many other host backgrounds that are mutant for immune 378
function. 379
Previous studies using C. elegans as a host for fungal infection have described 380 additional phenotypes beyond reduced survival, including a deformed anal region (DAR) 381
[39,43]. It is possible that DAR may be contributing to the delayed reproductive 382 phenotype we observe in our experiments, however, the frequency of DAR phenotypes 383 was low and we did not observe any detectable differences between hosts exposed to 384
C. albicans and hosts unexposed (data not shown), nor did we observe dramatic 385
reductions in total number of viable offspring produced between these two groups of 386 hosts (Figure  2A) , indicating that exhibiting a DAR phenotype does not necessarily 387 impede egg laying. While this deformity is a result of a local defense reaction of the 388 worm due to extracellular signal-regulated kinase activation of the innate immunity 389 MAKK cascade, it is a distinct marker from delayed reproduction for infection [44] . 
